ABSTRACT TiO2 nanocrystals are widely used in photoanodes for quantum dot solar cells (QDSCs) owing to their chemical stability and suitable energy band structure. However, surface defects and grain boundaries of TiO2 nanocrystals photoanodes allow high surface charge recombination, which limits the performance of QDSCs. In this work, an ultrathin TiO2 layer is introduced to the surface of TiO2 photoanodes by atomic layer deposition (ALD). The ultrathin layer not only reduces the surface defects of TiO2 nanoparticles and strengthens the connection between adjacent nanoparticles to suppress the charge recombination for improving the electron collection efficiency (ηcc), but also increases the surface energy of photoanodes to load more quantum dots (QDs) for enhancing the light harvesting efficiency (LHE). As a result, the solar cell based on CdS/CdSe QDs with ALD treatment exhibits an efficiency of 5.07% that is much higher than that of the cells without modification (4.03%).
INTRODUCTION
) as the hole transporting media, and counter electrode to collect charges and catalyze the redox reaction in electrolyte. Analogue to dye-sensitized solar cells, wide bandgap semiconductor oxides, such as TiO2 [5, 6] , ZnO [7] , SnO2 [8] , have been used to make mesoporous photoanodes in QDSCs. Among these materials, TiO2 has been extensively applied to the photoanodes of QDSCs, owing to its excellent chemical stability [9] , high charge mobility [10] and suitable band-structure [11] . However, TiO2 nanostructure still contains lots of surface defects that lead to a side reaction-charge recombination [12] , which reduces the power conversion efficiency (PCE) of QDSCs based on TiO2 photoanodes.
Thus, surface modification of TiO2 photoanode is considered as one of effective and reliable approaches to overcome this issue. TiCl4 was usually introduced in TiO2 films to form a blocking layer, which suppressed the dark current and led to an increase in open circuit voltage for the cells [13] . Palomares et al. [14] reported a methodology for conformally coating nanocrystalline TiO2 films with a thin overlayer of a second metal oxide (Al2O3, ZrO2 or SiO2) by dipping each TiO2 film in a solution of suitable precursors. They found that Al2O3 was optimal for retarding interfacial recombination losses and the overall device efficiency had a 35% improvement. Recently, we developed a ZnO/TiO2 structure for QDSCs by a facile chemical passivation strategy [7, 15] . This strategy that combines the selective etching of ZnO from the convex surface and uniform deposition of TiO2 nanoparticles not only enlarged the aperture in ZnO photoanode but also depressed the surface defects because of the thin TiO2 film as well as increased QDs loading. Finally, the QDSC based on ZnO with such modification exhibited a high PCE of 4.68%. In addition to the approaches described above, atomic layer deposition (ALD) has been regarded as one of ideal interface modification processes for the nanostructure and nanomaterial.
ALD is a vapor-phase deposition technique to grow homogeneous ultrathin films or conformal coating in a reaction chamber [16] due to its unique self-limiting nature [17] , low growth temperature [18] , precise control on film thickness [19] and large deposition area [20] , making it as a popular and useful technology for fabricating complex nanostructures and investigating the properties of nanomaterials [21] . ALD has also been extensively applied and studied for surface modification in solar cell, which can be summarized into the following four aspects [22] : (a) fabrication of mesoporous photoanodes [19, 20] for high loading of sensitizer and better charge transfer; (b) surface modification [23, 24] to passivate trapping states; (c) introduction of catalytic noble metals [25] and (d) formation of desired heterojunction [26] .
This paper reports the introduction of an ALD layer to modify the surface of TiO2 photoanode for reducing the trapping state, increasing the surface energy to load more QDs and improving the charge collection efficiency in QDSC. An ultrathin TiO2 layer was deposited on the surface of the mesoporous TiO2 films for different cycles and the deposition rate was about 0.05 nm per cycle. The surface properties of the resulting photoanodes and the photoelectric conversion performance of the solar cells were investigated. The PCE of the device with ALD-treatment reaches 5.07% that is much higher than that of the device without ALD treatment (4.03%).
EXPERIMENTAL SECTION

Materials
Cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O, Alfa Aesar, 98.5%), sodium sulphide nonahydrate (Na2S·9H2O, Aladdin, ≥98.0%), sodium sulfite anhydrous (Na2SO3, Guoyao China, ≥97.0%), selenium powder (Se, Alfa Aesar, 99.0%), cadmium acetate dehydrate (Cd(CH3COO)2, Alfa Aesar, 98.0%), nitrilotriacetic acid trisodium salt monohydrate (N(CH3COONa)3, Alfa Aesar, 98.0%), sublimed sulfur (S, Guoyao China, ≥99.5%), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Aladdin, 99.0%), hydrochloric acid (HCl, Beijing China, 36%-38%), methanol anhydrous (CH3OH, Guoyao China, ≥99.5%), TiO2 (Degussa P25), and copper foil were used directly without further purification.
Photoanode preparation
The mesoporous photoanodes were fabricated according to our previous work [27] . The P25 powder was mixed with ethyl cellulose and α-terpilenol to form paste (in a rate of 1.8:0.9:7.3). Then the TiO2 films were fabricated on the FTO (8 Ω/square) glass substrates with the doctor blade method. After 20 min at room temperature, the prepared films were sintered at 500°C (2°C min −1 ) for 30 min to remove any organic matter and promote the crystallization. Finally, nearly 12 μm-thick TiO2 film was obtained. Then the PICOSUN / SUNALE R-200 ALD System was utilized to deposit ultrathin TiO2 layer on the surface of mesoporous TiO2 films at 300°C. Titanium tetrachloride (TiCl4) and H2O were used as precursors with high purity nitrogen as a carrier and purging gas. Amorphous films grew at temperature below 165°C; anatase structure was observed at 165°C-350°C; and when the temperature was more than 350°C, rutile dominated in the films obtained [19] . The thickness of TiO2 layers were 0.5 nm, 1.0 nm and 1.5 nm for coating of 10 cycles, 20 cycles and 30 cycles, respectively. Finally, the films were annealed at 500°C in air for 30 min.
Device fabrication
The interface-modified TiO2 photoanodes were assembled with CdS QD by our previously reported method [27] . In brief, the TiO2 films were first immersed into Cd 2+ precursor solution for 1 min and immersed in S − precursor solution, then rinsed with methanol and dried with air between each step. After 5 cycles of SILAR process, the photoanodes were immersed into an aqueous solution containing 0.1 mol L −1 Se, Na2SO3, Cd(CH3COO)2 and N(CH3COONa)3 for 3 h (under dark condition) at room temperature to deposit sufficient CdSe QDs. The electrolyte in this study was a liquid admixture of S 
Photovoltaic characterization
A Shimadzu UV-3600 UV-vis-NIR spectrophotometer was used to measure QD absorption spectrum. The surface energy spectra were analyzed using inverse gas chromatography surface energy analyzer (IGC SEA). The incident photon to current conversion efficiency (IPCE) spectra were obtained in the range of 400-700 nm using a Keithley 2400 multimeter with illumination of a 300 W tungsten lamp with a Spectral Product DK240 monochromator.
The characteristic J-V curves were measured with the same instrument used for IPCE measurements under AM 1.5 G illumination provided by a solar simulator (Crowntech, SOL02 series). The N2 adsorption-desorption isotherm curve were carried out with a surface and porosity analyzer (Micromerities, ASAP 2020). The electrochemical workstation was also used to measure the electrochemical impedance spectroscopy (EIS). Intensity modulated photocurrent/photovoltage spectra (IMPS/IMVS) measurements were carried out with the electrochemical workstation (Germany, Zahner Company), using light emitting diodes driven by Expot (Germany, Zahner Company). Table 1 , including open circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF) and power conversion efficiency (PCE). Under the illumination, the properties of the QDSCs with 20 cycles-ALD are 0.597 V of Voc, 13.19 mA cm −2 of Jsc, 64.41% of FF and 5.07% of PCE, which display the best performance in comparison with 11.69 mA cm −2 and 4.03% for the QDSCs without ALD treatment, 12.19 mA cm −2 and 4.41% for the QDSCs with 10 cycles-ALD, and 11.65 mA cm −2 and 4.53% for the QDSCs with 30 cycles-ALD. Voc and FF for the devices with ALD treatment also show the same trend like Jsc and PCE. So the performance of the QDSCs increases firstly and then decreases as cycles of the ALD increase. It demonstrates that the introduction of the ultrathin layer of TiO2 on the surface of TiO2 mesoporous film by ALD can improve the performance of QDSCs. When the cycles are more than 20, the ultrathin layer is too thick, which reduces the porosity and specific surface area of the photoanode, leading to the decrease of QDs loading and consequently Jsc. Approximating the TiO2-coated structure as a series of the interconnected spheres and cylinders, the surface area should increase linearly with TiO2 deposited. However, the surface area decreases firstly and then increases, because of filling in the defect on the TiO2 film [28] . To understand the effects of ALD ultrathin layer on light harvesting, electron transport and collection in the QDSCs, further characterization and discussion have been focused on the devices either without ALD treatment (denoted as w/o-ALD cell) or with 20 cycles ALD-treatment (w-ALD cell). Fig. 1b compares incident photon to the charge carrier efficiency (IPCE) spectra of both solar cells. It is clear that the IPCE value of the w-ALD cell is higher than that of the w/o-ALD cell over the full range of entire wavelengths, suggesting a higher photocurrent in the device with ALD treatment. These characteristic corroborates well with the J-V curves (Fig. 1a) . IPCE stands for the ratio of the electron number and the incident monochromatic photon number per unit time, which is determined by light harvesting efficiency (LHE), electron injection (Φinj) and charge collection efficiency (ηcc). Thus, the IPCE can be expressed by the following equation [29] :
RESULTS AND DISCUSSION
(1) Fig. 2a shows the UV-vis absorption spectra of the TiO2 photoanodes with and without ALD coating, and with and without CdS/CdSe QDs. For the TiO2 films with and without ALD coating loaded with QDs (the solid lines), the absorption onsets approximate to each other in both curves and the absorption of the w-ALD sample is higher than that of the w/o-ALD sample. The two absorbance curves of bare a) The standard deviation of the properties is based on the data of five cells in parallel.
TiO2 films with and without ALD treatment overlaps each other (the dash lines). It demonstrates ALD has little effect on the light absorption of bare TiO2 films. The high absorbance of w-ALD sample (the red solid line) indicates that the photoanode with ALD treatment can load more QDs and renders a competitive capability of photon absorption. To support this assumption, LHE, surface area and surface energy of the samples were further studied. LHE characteristics of the QDSCs were collected as shown in Fig. 2b . The LHE of the w-ALD sample was also observed to be higher than that of the w/o-ALD sample, which benefits to the photocurrent short density of the w-ALD devices [30] . For QDSCs, the surface properties of TiO2 photoanodes play a key role in the amount of QDs loaded that decides the photocurrent. Nitrogen adsorption-desorption isotherms were measured and the results are shown in Fig. 2c , the inset exhibits the BJH (Barrett-Joyner-Halenda) pore size distribution of TiO2 films with and without ALD treatment, and the corresponding parameters are summarized in Table 2 . The pore volume decreases with the ALD treatment from 134.41 to 125.5 m 3 g −1 , as ALD TiO2 fills some pore space in photoanode. In QDSCs, the average pore size and size distribution are known to affect the loading and distribution of QDs [7, 31] . In general, the adsorbed amount of QDs would be reduced with the decrease of the mesopore size, but the results in this experiment are different. Firstly, the surface area of the film with ALD treatment is 47.81 m 2 g −1 , which is slightly higher than that of the sample without ALD treatment (44.64 m 2 g −1 ), implicating the change of the surface area is insignificant in this study. In addition, the surface energy of the mesoporous TiO2 with ALD coating may change, which is another key factor for the loading of QDs. In order to find out the reason, the inverse gas chromatography surface energy analyser (IGC SEA) measurement was adopted to analyze the surface energy of the TiO2 films with and without ALD treatment as SEA is specifically designed to measure surface energy heterogeneity [32, 33] . The surface energy can be calculated by the following equation [31] :
where r s d is the dispersive component of the surface energy. (Fig. 2d) . The high value implies high surface activity. More QDs tend to deposit on the surface with high energy to decrease the energy of the whole system. The higher surface energy may be attributed to the fact that the surface of ALD TiO2 coating became rough when converted from amorphous to crystalline, while the TiO2 nanocrystals commonly possess near thermodynamic equilibrium shape. Therefore, ALD treatment can increase the loading of QDs, although the porosity of photoanodes decreases slightly. This result is also consistent with the LHE spectra (Fig. 2b) . It can be seen that the increase of LHE is notable. In addition to LHE, the improvement of PCE of the QDSCs by ALD treatment may be attributed to the enhancement of ηcc or Φinj.
Absorbed photon to current conversion efficiency (APCE) can evaluate the ηcc and Φinj of the solar cells clearly, as the LHE has been ruled out [34] . The APCE of the w-ALD solar cell is found to be higher than that of the w/o-ALD solar cell throughout the entire range of wavelengths studied (Fig. 3) , demonstrating that the ALD treatment is helpful for improving the conversion efficiency of the absorbed photons to electron-hole pairs. It is known that the driving force for the electron injection from QDs to the conduction band of TiO2 is determined by the Fermi level of TiO2/QDs [35] . An ultrathin coating on TiO2 mesoporous films by ALD is impossible to change the band gap structure, evident from the absorption spectral (Fig. 2) as the absorption edges have not shown any detectable shift. So Φinj of the samples with and without ALD treatment would have no significant difference. It is clear that the enhancement of PCE for the QDSCs by ALD treatment is resulted from the high LHE and ηcc.
To further understand the electron transport and collection in the QDSCs with and without ALD treatment, EIS is carried out under dark condition with a forward bias of −0.55 V as shown in Fig. 4 . The impedance related to the charge transfer process at the TiO2/QDs/electrolyte interfaces can be described by the intermediate frequency semicircle (Rct) and constant phase elements (CPE2) [36] . The results show that the values of Rct corresponding to the devices with and without ALD treatment are 35 and 16 Ω, respectively. The increase of Rct implies less electron-hole recombination at the interface of the TiO2/QDs/electrolyte [37] , which can lead to high Voc and FF. The possible reason is that the ultrathin TiO2 layer modifies the surface of TiO2 nanoparticles to reduce trapping state defects in TiO2 nanoparticles [38] . Furthermore, the improved interconnection in TiO2 photoelectrode benefits to electrons transfer and inhibits the recombination [39] . Fig. 4b shows the corresponding Bode phase plots for the cells with and without ALD treatment. The electron lifetime (τr) can be obtained from the curve peak of the spectrum according to 
where fmin is the peak frequency in the Bode plot. The τr value of the w-ALD cell is 13.3 ms that is almost twice of 6.4 ms in the w/o-ALD cell. It is clear that the electron lifetime is prolonged by depositing the TiO2 layer on the surface of the TiO2 films, indicating a much slower recombination rate in the w-ALD cell. According to the results and discussion above, the effect of the ultrathin TiO2 layer in the QDSC can be illustrated in Scheme 1. Upon illumination of the light, QDs can absorb photons to excite electron-hole pairs. The optimal electron injection can only proceed from the conduction band of QD to the conduction band of TiO2 and then transfer to external circuit. However, there are always several recombination ways that are not beneficial (the red dash lines in Scheme 1). Because of the existence of the ultrathin TiO2 layer deposited by ALD method, the surface trapping states were reduced to decrease the charge recombination of QD/TiO2 and TiO2/ Scheme 1 Photoelectric conversion and recombination process in solar cells with ALD treatment.
electrolyte as shown in Scheme 1. Thus, the effective number of the electron transfer to the external circuit can be increased.
The effect of surface modification on charge carrier dynamics of QDSCs with and without ALD treatment are investigated by intensity modulated photocurrent spectroscopy (IMPS) and intensity modulated photovoltage spectroscopy (IMVS). The time constant of electron transport (τd) and electron lifetime (τr) can be calculated by IMPS and IMVS frequency data according to the following equations [39] 
where fd and fr are the frequency of the minimum of the semicircle in the IMPS and IMVS plots, respectively. Fig.  5a shows that the τr of the w-ALD cell is higher than that of the w/o-ALD cell, suggesting that the former has a longer electron lifetime compared with that of the latter, while the electron transport times (τd) would be almost similar for the two devices. This can be attributed to the low recombination in the w-ALD cell. It is also thought that higher τr for the w-ALD cell could account for relatively higher Voc and FF than those of the w/o-ALD cell. In order to elucidate the origin of the enhanced Jsc, the electron diffusion coefficient (Dn) and electron diffusion length (Ln) are calculated as following equations [39, 41] :
where d is the thickness of the film. The w-ALD cell shows much longer diffusion length in comparison with the w/o-ALD cell, which indicates ALD treatments improve the connection between the adjacent TiO2 particles, which benefits the charge transport to reduce the charge recombination and increase the photocurrent. The plot of ηcc as a function of photocurrent is shown in Fig. 5d . The ηcc of the w-ALD cell is obtained over the light intensities from 19.48 to 97.38 W m −2 . The improvement in the ηcc (increased from 97% for w/o-ALD cells to 99% for w-ALD cells at 97.38 W m −2 of light intensity) shows that the presence of the ultrathin TiO2 layer improves inter-particle connectivity and prevents the loss of photo-generated electron from the photoanode films to electrolyte.
CONCLUSIONS
An ultrathin ALD layer on the surface of TiO2 photoanodes has demonstrated high power conversion efficiency of the resultant QDSCs. Both the surface area and energy were increased that resulted in more amounts of QDs loaded on the photoanodes. The impact of surface defects was notably suppressed and the connectivity between adjacent TiO2 nanocrystals was enhanced, which benefits the charge transport with reduced charge recombination. As a result, the PCE of the QDSCs with ALD was up to 5.07%, which is much higher than that of the devices without ALD treatment (4.03%). The improvement of PCE for the QDSCs with ALD was mainly derived from the enhancement of LHE and ηcc.
